INTRODUCTION
============

Solar radiation in the form of ultraviolet (UV) light is divided into three types; ultraviolet A (UVA, 320\~400 nm), ultraviolet B (UVB, 280\~320 nm), and ultraviolet C (UVC, 200\~280 nm)[@B1]. However, terrestrial solar UV radiation is comprised mostly of UVA and partially of UVB because wavelengths shorter than 295 nm are blocked by the ozone layer in the stratosphere[@B2]. Although UVA photons are about 1,000 times less energetic than UVB, they can still penetrate the skin to cause skin aging in the dermis by regulating the extracellular matrix (ECM)[@B3][@B4][@B5]. Furthermore, UVA has been reported to produce reactive oxygen species (ROS) which cause oxidative stress, leading to cell death[@B6][@B7]. Therefore, UVA is one of the major factors of photoaging in skin.

As the largest organ of the human body, skin surrounds and protects our bodies from the external environment[@B1][@B3][@B4][@B8]. Skin is composed of two layers, namely the epidermis and dermis layer, which is composed of connective tissue including fibroblasts, matrix proteins, and other substances. Studies have shown that human skin fibroblasts are the main components of the dermis and are more receptive to UVA exposure than keratinocytes, resulting in skin reconstruction[@B9]. This is one symptom of photoaging, which is caused by UVA photons and UVA-induced ROS in the fibroblasts[@B10][@B11]. More interestingly, UVA has also been reported to stimulate fibroblasts to synthesize metalloproteinase 1 (MMP1), which degrades dermal collagen[@B10][@B12]. Due to the diverse function of skin biology, fibroblasts have been studied mainly to understand the pathology following exposure to toxins, chemicals, and cosmetics. Therefore, it is necessary to find safe and effective natural products for human skin protection.

Ferulic acid (4-hydroxy-3-methoxycinnamic acid) is widely present in fruits, vegetables, and grains. According to previous studies, ferulic acid has antioxidant and anticancer properties[@B13][@B14][@B15]. Ferulic acid has been shown to impart beneficial effects in diabetes, Alzheimer\'s disease, and cardiovascular disease by regulating antioxidant enzyme and caspase activities, COX-2, and hypertension[@B16][@B17][@B18]. In the skin, ferulic acid has been shown to have a protective effect on UVB-induced erythema[@B19]. The current study is aimed at investigating how ferulic acid protects human dermal fibroblasts (HDFs) against UVA radiation.

MATERIALS AND METHODS
=====================

Cell culture
------------

Normal human dermal fibroblasts (nHDF; Lonza, Basel, Switzerland) were cultured in Dulbecco\'s modified Eagle medium (DMEM; Gibco/Life Technologies, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, USA) and 1% penicillin/streptomycin (Gibco/Life Technologies) at 37℃ in an atmosphere of 5% CO~2~. Ferulic acid was purchased from Sigma-Aldrich and dissolved in dimethyl sulfoxide.

UVA irradiation
---------------

The HDFs (1×10^6^/well) were seeded into 6-well plates and cultured until 80%\~90% confluent. Prior to irradiation, cells were washed twice with phosphate buffered saline (PBS). The cells were irradiated with UVA light (UVA lamp; UVP, Upland, CA, USA) in fresh PBS. The radiation intensity was monitored by a fiberoptic spectrometer system USB2000 (Ocean optics, Dunedin, FL, USA). Control cells were treated identically but were not exposed to UVA irradiation. After UVA radiation, fresh medium was added to the cells and the cells were incubated at 37℃ for 24 h.

Cell viability assay
--------------------

HDF cell toxicity due to ferulic acid was evaluated using a water-soluble tetrazolium salt (WST-1) assay (EZ-Cytox Cell Viability Assay kit; Itsbio, Seoul, Korea). HDF cells were seeded at a density of 3×10^3^ cells into 96-well plates and incubated for 24 h. Then, the cells were incubated with ferulic acid (0\~50 µM) for 24 h. A WST-1 solution was added to cultured cells, which were then incubated at 37℃ for 1 h. Cell viability was evaluated by measuring the absorbance at 450 nm using an iMark microplate reader (Bio-Rad, Hercules, CA, USA). In order to examine the protective effects of ferulic acid against UVA, nHDFs were pretreated with FA for 6 h, and then the cells were washed with PBS followed by UVA irradiation. After UVA irradiation, PBS was replaced with normal growth medium and incubated 24 h. After incubation, WST-1 assay was performed to analyze the UVA protection effect of FA on cell viability of nHDFs.

Analysis of cell cycle by flow cytometry
----------------------------------------

Cells were collected and fixed in cold 70% ethanol at 4℃ for 1 h. Then the fixed cells were stained by incubation with a propidium iodide (PI) staining solution (50 µg/ml PI, 0.5% Triton X-100 \[both from Sigma-Aldrich\] plus 100 µg/ml RNase) at 37℃ for 1 h. Changes in cell cycle were determined based on the intensity of fluorescent PI staining of 10,000 cells using the FL2-H channel of a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA, USA)[@B20].

Reporter transfection and transient luciferase activity assay
-------------------------------------------------------------

The *Gadd45*α promoters were cloned into pGL3 to activate the firefly luciferase reporter vector (Promega, Madison, WI, USA). HDFs seeded into 96-well plates were cotransfected with pGL3-Gadd45α together with the pSV-β-galactosidase plasmid (Promega) using Lipofectamine 2000 reagent (Invitrogen/Life Technologies, Carlsbad, CA, USA). At 24 h post-transfection, cells were exposed to UVA radiation with or without ferulic acid treatment. At 24 h post-UVA radiation, cells were lysed using Passive lysis buffer (Promega). Luciferin was then added and the luciferase activity of each cell lysate was analyzed using a Veritas Luminometer (Turner Designs, Sunnyvale, CA, USA). The luciferase signal was normalized to β-galactosidase activity and is presented as a percentage of the control with standard deviation (SD). Results shown represent the average of three independent experiments.

ROS scavenging assay
--------------------

Intracellular ROS scavenging assays were performed by measuring the fluorescence intensity of the 2\',7\'-dichlorofluroescein diacetate (DCF-DA) probe, which was proportional to the amount of ROS produced. Cells pre-treated with and without ferulic acid were irradiated with UVA prior to harvest. The cells were then mixed with DCF-DA solution and incubated at 37℃ for 1 h. Fluorescence intensity was measured using a BD FACSCalibur flow cytometer (BD Biosciences).

Senescence-associated β-galactosidase activity
----------------------------------------------

β-galactosidase expression was used as a marker for senescence in HDFs. Expression levels were determined using the senescence-associated-β-galactosidase staining kit (Biovision, Milpitas, CA, USA) according to the manufacturer\'s protocol. HDFs were seeded at a density of 1×10^6^ cells/well in 60-mm cell culture plates and incubated until cells reached 90% confluence. Then cells were pretreated with 10 or 20 µM ferulic acid for 6 h before irradiation with 10 J/cm^2^ UVA. After UVA radiation, the cells were washed with fresh media and incubated for another 24 h. To evaluate cellular senescence, the cells were washed in PBS prior to incubation in 0.5 ml fixing solution (4% formaldehyde, 0.5% glutaraldehyde in PBS buffer, pH 7.2) for 1 h. Fixed cells were then incubated in a staining solution mixture (staining solution \[470 µl\], staining supplement \[5 µl\], 20 mg/ml X-Gal in dimethylformamide \[25 µl\]) for 24 h at 37℃. Finally, 70% glycerol (1 ml) was added to the cells and images were captured using an Olympus IX51 microscope (Olympus, Tokyo, Japan).

RNA isolation and quantitative real-time polymerase chain reaction analysis
---------------------------------------------------------------------------

Total RNA was isolated using the TRIzol reagent (Life Technologies) according to the manufacturer\'s protocol. RNA purity and concentration were evaluated using the MaestroNano® microspectrophotometer (Maestrogen, Las Vegas, NV, USA). All cDNAs for sensitive and specific miRNA detection were synthesized using the miScript II RT kit (Qiagen, Hilden, Germany) according to the manufacturer\'s protocol. To evaluate the expression of p21 (forward primer: 5\'-GTCCAGCGACCTTCCTCATCCA-3\', reverse primer: 5\'-CCATAGCCTACTGCCACCATC-3\'), p16 (forward primer: 5\'-CCCAACGCCCCGAACT-3\', reverse primer: 5\'-GCAGAAGAGCTGCTACGTGAA-3\'), SOD1 (forward primer: 5\'-GGGAGATGGCCCAACTACTG-3\', reverse primer: 5\'-CCAGTTGACATGCAACCGTT-3\'), MMP1 (forward primer: 5\'-TCTGACGTTGATCCCAGAGAGCAG-3\', reverse primer: 5\'-CAGGGTGACACCAGTGACTGCAC-3\'), MMP3 (forward primer: 5\'-ATTCCATGGAGCCAGGCTTTC-3\', reverse primer: 5\'-CATTTGGGTCAAACTCCAACTGTG-3\'), xeroderma pigmentosum complementation group A (XPA, forward primer: 5\'-CCAGGACCTGTTATGGAAT TTGA-3\', reverse primer: 5\'-GCTTCTTGACTACCCCAAA CTTC-3\'), xeroderma pigmentosum complementation group C (XPC, forward primer: 5\'-AGCAGCTTCCCACC TGTTC-3\', reverse primer: 5\'-GTGGGTGCCCCTCTAGTG-3\'), and CAT (forward primer: 5\'-TGGAGCTGGTAACCCA GTAGG-3\', reverse primer: 5\'-CCTTTGCCTTGGAGTATT TGGTA-3\'), quantitative real-time polymerase chain reaction (RT-PCR) was performed using EvaGreen dye (Solis BioDyne, Tartu, Estonia) and Line-Gene K software (BioER, Hangzhou, China). The C~T~ value for each gene was normalized to that of β-actin (forward primer: 5\'-GGATTCCTATGTGGGCG ACGA-3\', reverse primer: 5\'-CGCTCGGTGAGGATCTTCA TG-3\'). The 2-^ΔΔCt^ method was used to calculate the relative expression level of each gene[@B21].

Statistical analysis
--------------------

Analysis was performed using SPSS for Windows ver. 21.0 (SPSS Inc., Chicago, IL, USA). All results are presented as the mean percentage±SD of three independent experiments. Differences with a *p*-value less than 0.05, as determined by the Student\'s t-test, were considered statistically significant.

RESULTS
=======

Ferulic acid reduces UVA-induced cytotoxicity of HDFs
-----------------------------------------------------

Before evaluating the protective effects of ferulic acid in UVA-induced cell death and inhibition of proliferation, we examined the cytotoxicity of ferulic acid in HDFs. The cells were treated with ferulic acid (0\~50 µM) for 24 h, and viability was determined using the WST-1 assay ([Fig. 1A](#F1){ref-type="fig"}). Cell viability was greater than 90% at ferulic acid concentrations below 50 µM concentration. To determine whether ferulic acid affects the viability of HDFs undergoing UVA-induced cellular stress, cultured cells were irradiated with various intensities of UVA (0\~20 J/cm^2^) and incubated for 24 h. As shown in [Fig. 1B](#F1){ref-type="fig"}, HDF viability decreased drastically after UVA radiation. However, pretreatment with 20 µM ferulic acid exhibited a protective effect up to 10 J/cm^2^ ([Fig. 1B](#F1){ref-type="fig"}). This protective effect of ferulic acid on UVA-induced cell death was dose-dependent at 10 J/cm^2^ UVA intensity ([Fig. 1C](#F1){ref-type="fig"}).

Ferulic acid reduces UVA-induced G1 cell cycle arrest and DNA repair on HDFs
----------------------------------------------------------------------------

We investigated the effects of ferulic acid on cell cycle progression via PI staining followed by flow cytometric analysis. Our data demonstrate that treatment with 10 J/cm^2^ of UVA led to G1-phase arrest, and that pretreatment with ferulic acid protected cell cycle progression in a dose-dependent manner. Cells treated with UVA only exhibited significantly increased G1-phase cells (up to 67.9%) relative to untreated cells. This increase in G1-phase cells was reduced by pretreatment with ferulic acid at the indicated concentrations ([Fig. 2A](#F2){ref-type="fig"}). Next, we examined Gadd45α expression using a promoter luciferase activity assay. Gadd45α, a stress-inducible gene, has been implicated in cell cycle arrest, apoptosis, and DNA repair[@B22][@B23]. HDFs treated with UVA only showed increased luciferase activity (up to 4.7-fold) compared with untreated cells. However, cells pretreated with ferulic acid for 6 h before UVA radiation exhibited significantly decreased Gadd45α luciferase activity in a dose-dependent manner ([Fig. 2B](#F2){ref-type="fig"}). p21 has been reported to be a key regulator of G1- and G2-phase arrest, as well as aging and photoaging[@B24][@B25]. In addition, p21 is involved in Gadd45α as cell cycle regulation[@B22][@B26]. Therefore, we examined the relative expression of p21 mRNA in ferulic acid-pretreated HDFs irradiated with UVA using quantitative RT-PCR. As shown in [Fig. 2C](#F2){ref-type="fig"}, cells only irradiated with UVA (10 J/cm^2^) displayed a greater than 5-fold increase in p21 mRNA expression relative to non-irradiated cells. However, cells pretreated 10 and 20 µM ferulic acid before UVA radiation showed a 4.8 (±0.5)- and 2.7 (±0.2)-fold increase, respectively. We also assessed the expression of DNA repair genes in HDFs following UVA radiation and ferulic acid pretreatment. XPA and XPC are core nucleotide excision repair (NER) factors expressed during UV-induced DNA lesion repair[@B27]. Studies have also reported that photolyase enzymes such as XPA and XPC can repair UV-induced DNA lesions efficiently[@B28][@B29][@B30][@B31]. Our data demonstrate that UVA irradiation reduced the expression of both XPA and XPC, whereas cells pretreated with ferulic acid showed significantly increased expression of both genes ([Fig. 2D](#F2){ref-type="fig"}). These results demonstrate that 10 J/cm^2^ UVA radiation resulted in G1-phase cell cycle arrest and DNA damage in HDFs, but that pretreatment with ferulic acid inhibited UVA-induced cell cycle arrest and DNA damage by regulating gene expression associated with cell cycle progression and DNA repair in a dose-dependent manner.

Ferulic acid reduces UVA-induced oxidative stress on HDFs
---------------------------------------------------------

UVA induces intracellular ROS production that results in oxidative stress and DNA damage in cells[@B32][@B33][@B34]. Thus, we evaluated the ROS scavenging effects of ferulic acid by analyzing DCF-DA fluorescent intensity. As shown in [Fig. 3A](#F3){ref-type="fig"}, formation of intracellular ROS increased following radiation with 10 J/cm^2^ UVA. The increased intracellular ROS production was decreased by pretreatment with 10 and 20 µM of ferulic acid. Interestingly, treatment with N-acetylcysteine (NAC), a ROS scavenger used as a positive control, showed no significant scavenging effects at 20 µM, which was the same concentration of ferulic acid used. Furthermore, we investigated the antioxidant effects of ferulic acid by relative gene expression analysis using qRT-PCR. Superoxide dismutases (SODs) and catalase (CAT) have been reported as the main enzymes involved in antioxidant defense against oxidative stress[@B35]. In this experiment, cells, irradiated UVA alone, showed a significant alteration in both SOD1 and CAT mRNA expression. Alterative SOD1 mRNA expression was increased and indicated 0.4 (±0.08)- and 0.8 (±0.04)- fold changes, by pretreatment with 10 and 20 µM of ferulic acid ([Fig. 3B](#F3){ref-type="fig"}). The CAT mRNA expression was also increased by pretreatment with 10 and 20 µM of ferulic acid, respectively ([Fig. 3C](#F3){ref-type="fig"}). These results verify that Ferulic acid pretreatment resulted in partial restoration of SOD1 and CAT mRNA level in a dose-dependent manner.

Ferulic acid inhibits cellular senescence by regulating senescence marker gene expression
-----------------------------------------------------------------------------------------

UVA is widely accepted as a trigger of photoaging by regulating ECM components such as MMPs and procollagens[@B36][@B37]. Therefore, in this study, we examined the relative expression of p16 mRNA in ferulic acid-pretreated HDFs irradiated with UVA using quantitative real-time PCR. p16 gene expression levels also changed under these conditions. As shown in [Fig. 4A](#F4){ref-type="fig"}, relative p16 mRNA expression was increased in UVA-irradiated cells (4.3±0.7 fold) and was reduced by ferulic acid in a dose-dependent manner. According to previous reports, UVA radiation can stimulate gene expression related with cell cycle arrest[@B38][@B39]. p16 are also known as cellular senescence markers[@B40], leading us to examine cellular senescence using a senescence-associated-β-galactosidase staining kit (BioVision). Pretreatment of cells with ferulic acid (10 and 20 µM) before UVA radiation resulted in significantly reduced cellular senescence (38.2% and 19.6%, respectively) compared with cells treated with UVA radiation only (61.2%, [Fig. 4B](#F4){ref-type="fig"}). Further investigation showed that pretreatment with ferulic acid regulated MMP1 and MMP3 gene expression in HDFs. As shown in [Fig. 4C](#F4){ref-type="fig"}, UVA irradiation alone increased MMP1 and MMP3 mRNA expression, whereas pretreatment of ferulic acid prior to UVA radiation reduced expression. These results demonstrate the effects of ferulic acid in UVA-induced cellular senescence and reprogramming of ECM components.

DISCUSSION
==========

In this study, we investigated the protective effects of ferulic acid on UVA-induced proliferation, oxidation, senescence, and DNA damage in HDFs. Phenolic compounds in the plant are some of the most common water-soluble antioxidant compounds. Ferulic acid, one phenolic compound derived from cereal grains and vegetables, has been widely studied in biological aspects. Previous studies have demonstrated in skin biology that ferulic acid protects UVB damages[@B41].

Dermal fibroblasts, which mainly comprise the dermis layer of the skin, are established to contribute to the generation of connective tissues[@B42][@B43]. During skin aging, MMPs, which are generated from dermal fibroblasts, can degrade all components in the ECM, including collagen, elastin, laminin, and proteoglycans[@B44].

Results from our study indicate that pretreatment with ferulic acid decreases cell cycle arrest and DNA damage in HDFs. We verified that ferulic acid reduces *Gadd45*α promoter activity, cell cycle arrest, and expression of DNA damage markers in a dose-dependent manner. Following analysis of *Gadd45*α promoter activity, we investigate gene expression of key regulator of cell cycle progression, p21. After then, we verified the effects of ferulic acid on NER by assessing XPA and XPC expression. Interestingly, expression of both XPA and XPC was significantly increased by pretreatment with ferulic acid. These findings suggest the protective effects of ferulic acid on UVA-induced cell cycle arrest and DNA damage in HDFs. Also, further studies are helpful to confirm the Gadd45α-dependent UVA protective effect of Ferulic acid in Gadd45α siRNA-mediated knockdown nHDFs.

Consistent with previous studies[@B14][@B15], we demonstrated the antioxidant effects of ferulic acid against UVA radiation by analyzing intracellular ROS levels and relative expression of SOD1 and CAT. In this study, ferulic acid shows properties about regulation of antioxidant gene expression and ROS scavenging effects. A previous study suggested that formation of intracellular ROS is the main cause of senescence and skin aging. Thus, we examined senescence marker expression and the frequency of senescent cells. Our data show that UVA radiation increased the expression of senescence marker, namely p16, and that marker is significantly decreased in ferulic acid-treated cells along with the frequency of senescent cells. These results suggest the inhibitory effects of ferulic acid against UVA-induced cellular senescence in dermal fibroblasts. Furthermore, UVA has been established as a factor that induces a decrease in type I collagen and inhibition of pro-collagen synthesis in dermal fibroblasts[@B45][@B46][@B47]. Our results for MMP1 and MMP3 mRNA expression strongly suggest that ferulic acid not only regulates cellular senescence, but also reconstructs the ECM.

In conclusion, ferulic acid was found to regulate antioxidation, senescence, and DNA damage mechanisms through Gadd45α signaling pathways. Ferulic acid downregulates MMP1 and MMP3 gene expression, thereby demonstrating the protective effects of ferulic acid on the dermis layer through ECM reconstruction. These findings indicate that ferulic acid can reverse the effects of aging in the skin by modulating its physiological structure, suggesting that ferulic acid is a potentially useful component for various cosmetic uses.
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![Effects of ferulic acid on human dermal fibroblast (HDF) cell proliferation. HDF cells (3×10^3^ cells/well) were seeded into 96-well plates and treated with the indicated concentrations of ferulic acid for 24 h. Proliferation was measured using the water-soluble tetrazolium salt assay. (A) Cell viability following ferulic acid treatment in HDFs. (B) Protective effects of treatment with 20 µM ferulic acid against cytotoxicity induced by varying intensities of ultraviolet A (UVA) radiation in HDFs. Cells were pretreated with ferulic acid for 6 h prior to UVA radiation. (C) Protective effects of ferulic acid treatment against 10 J/cm^2^ UVA radiation. Cells were treated with the indicated concentration of ferulic acid for 6 h before UVA radiation. ^\*^*p*\<0.05 by Student\'s t-test.](ad-28-740-g001){#F1}

![Effects of ferulic acid on ultraviolet A (UVA)-induced cell cycle arrest and DNA repair in human dermal fibroblasts (HDFs). (A) UVA-induced cell cycle arrest was reduced by ferulic acid. Cell cycle progression was evaluated by propidium iodide staining followed by flow cytometric analysis. (B) UVA-induced upregulation of *Gadd45*α promoter activity was decreased by ferulic acid. The *Gadd45*α promoter regions were cloned into the pGL3 luciferase reporter vector and then transfected into HDFs. Luciferase intensity was normalized against β-galactosidase activity. (C) Relative gene expression of p21 in human dermal fibroblasts (HDFs). HDFs were irradiated with ultraviolet A (UVA) followed by ferulic acid. (D) Ferulic acid enhanced mRNA expression of nucleotide excision repair (NER) factors, xeroderma pigmentosum complementation group A (XPA) and xeroderma pigmentosum complementation group C (XPC). Pretreatment with ferulic acid promoted NER-associated genes expression. Gene expression was normalized against β-actin and the 2−^ΔΔCt^ method was used to calculate the relative expression level. Results are expressed as the mean±standard deviation in triplicate. ^\*^*p*\<0.05 by Student\'s t-test.](ad-28-740-g002){#F2}

![Effects of ferulic acid on ultraviolet A (UVA)-induced oxidative stress in human dermal fibroblasts (HDFs). (A) Ferulic acid scavenged UVA-induced upregulation of intracellular reactive oxygen species (ROS) production. The 2\',7\'-dichlorofluroescein diacetate (DCF-DA) probe was used to investigate intracellular ROS levels and 20 µM N-acetylcysteine (NAC) was used as a positive control for ROS scavenger. (B, C) Ferulic acid enhanced antioxidant expression of superoxide dismutase 1 (SOD1) and catalase (CAT). Relative gene expression of antioxidant, SOD1 and CAT, in ferulic acid pretreated cells. Gene expression was normalized against β-actin and the 2−^ΔΔCt^ method was used to calculate the relative expression level. Results are expressed as the mean±standard deviation in triplicate. ^\*^*p*\<0.05 by Student\'s t-test.](ad-28-740-g003){#F3}

![Effects of ferulic acid on cellular senescence and extracellular matrix reconstruction. (A) Relative gene expression of p16, decreased with ferulic acid treatement prior to ultraviolet A (UVA) radiation. (B) Ferulic acid prohibited senescence in human dermal fibroblasts (HDFs) irradiated with UVA. The senescent cell population was analyzed using the senescence-associated β-galactosidase staining kit. (C) Relative gene expression of metalloproteinase 1 (MMP1) and MMP3 in HDFs. HDFs were irradiated with UVA followed by ferulic acid. Gene expression of MMP1 and MMP3 was reduced by feruilc acid pretreatment. Results are expressed as the mean±standard deviation in triplicate. ^\*^*p*\<0.05 by Student\'s t-test.](ad-28-740-g004){#F4}
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